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1.0 I N T R O D U C T I O N  

Manned space  mis s ions  r e q u i r e  t h e  use of  b o t h  l a r g e  
and small p r o p u l s i o n  s tages .  Large s t a g e s  p rov ide  v e l o c i t y  
i n c r e m e n t s  for such maneuvers as out-of-or.bit  i n j e c t i o n s ,  d e c e l -  
e r a t i o n ,  e t c .  Smal l  p r o p u l s i o n  s t a g e s  a r e  mainly used f o r  
a t t i t u d e  c o n t r o l  and midcourse c o r r e c t i o n s ,  and can a l s o  be used  
for h i g h  v e l o c i t y  r equ i r emen t s  w i t h  small r ~ ~ y l o a d s .  T h i s  r e p o r t  
summarizes t h e  d e s i g n  a s p e c t s  o f  such  a small space  p r o p u l s i o n  
s tage ;  t h e  p r o p u l s i o n  module I1 (PM-11).  

The PM-I1 was o r i g i n a l l y  conce ived  as a p l a n e t a r y  
m i s s i o n  p r o p u l s i o n  s y s t e m  t o  per form i n t e r p l a n e t a r y  midcourse 
c o r r e c t i o n s ,  a t t i t u d e  c o n t r o l ,  s t a t i o n - k e e p i n g  i n  p l a n e t a r y  o r b i t s  
and p o s t - i n j e c t i o n  a b o r t .  Cons i s t en t  w i t h  a p o l i c y  of s e e k i n g  
hardware commonality22 a c r o s s  many mis s ion  a r e a s ,  a t t e n t i o n  i s  
a d d r e s s e d  to t h e  a p p l i c a b i l i t y  of  t h e  PM-I1 t o  o t h e r  mis s ion  a reas ,  
l u n a r  and ea r th  o r b i t .  

Three c l a s s e s  of p r o p e l l a n t s  were eva lua ted - -c ryogen ics ,  
s p a c e - s t o r a b l e s ,  and e a r t h - s t o r a b l e s - - t o  s e e  i f  one l e n d s  i t s e l f  
most e a s i l y  to t h e  v a r i e t y  o f  m i s s i o n s .  

The p o s s i b l e  u s e s  o f  t h e  PM-I1 and estimated m i s s i o n  
r e q u i r e m e n t s  are  shown i n  Table  1. Analys i s  of  t h e s e  m i s s i o n s  
leads t o  t h e  s i z i n g  of  t h e  P K - I 1  for .  p o s i  i r i j e c i i o r i  p i a r l e i a r y  
a b o r t .  A p p l i c a b i l i t y  o f  t h a t  d e s i g n  t o  o t h e r  mi s s ion  areas  i s  
t h e n  e v a l u a t e d .  
s i z i n g  i s  p r e s e n t e d  i n  Appendix A .  

A d e t a i l e d  d e s c r i p t i o n  o f  the  p r e l i m i n a r y  s t a g e  
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TABLE 1 

PM-11-MISSIONS 

Miss ion  
Miss ion  PM-I1 Func t ion  P r o p u l s i o n  R e q m t .  D u r a t i o n  

Lunar  D i r e c t  Return  of AV = 1 0 , 0 0 0  f p s  1 4 , 2 0 0  
Crew and Payload l b s  
from Lunar Sur face .  

E a r t h  
Orbit 

lo7 l b - s e c  50 ,000  
t o  200 ,  I T  Orbi t -Keeping 

and a t t i t u d e  
c o n t r o l .  000 l b s  

P l a n e t a r y  Midcourse cor-  AV = 500 fps / l eg  100,000 
r e c t i o n s  and t o  200,  

t r o l .  day 
a t t i t u d e  con- IT = 1 0 0 0  lb - sec /  000  l b s  

P l a n e t a r y  Pos t - I n  j e c t  i o n  AV = 9000 f p s  19,200 
Abor t  l b s  

up t o  2 
years 
(dormant )  
on l u n a r  
s u r f a c e .  

2 years  

2 years  

d a y s  i n  
e a r t h  or- 
b i t  

1 0  days  

p i u s  1 8 0  
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2 . 0  SUMMARY OF RESULTS 

PM-I1 commonality i s  q u i t e  f e a s i b l e  f o r  l u n a r ,  p l a n e t a r y  
and e a r t h  o r b i t a l  m i s s i o n s .  The s t a g e s  s i z e d  f o r  p l a n e t a r y  a b o r t  
are abou t  t h e  d e s i r e d  s i z e  f o r  t h e  l u n a r  and p l a n e t a r y  f l y b y  
m i s s i o n s  and a l s o  f o r  e a r t h  o r b i t a l  m i s s i o n s  i n  t h e  1 0 0  t o  200 
n.  m i .  a l t i t u d e  r a n g e .  The p r o p e l l a n t s  r e s u l t i n g  i n  t h e  b e s t  
sys t em performance were LF2/LH2 and FLOX/CH4. The L02/LH stage 
does n o t  appea r  c o m p e t i t i v e  f o r  t h e s e  a p p l i c a t i o n s .  The d i f f e r e n c e  
i n  per formance  between a l l  t h e  s t a g e s  does  n o t  j u s t i f y  o m i t t i n g  
any from f u t u r e  s t u d i e s ,  s i n c e  more i n t a n g i b l e  comparisons ( c o s t ,  
h a n d l i n g  problems,  t o x i c i t y ,  launch i m p l i c a t i o n s ,  e t c . )  may s i g -  
n i f i c a n t l y  e f f e c t  f i n a l  p r o p e l l a n t  s e l e c t i o n .  

2 

A summary o f  t h e  s t a g e  we igh t s  for t h e  v a r i o u s  m i s s i o n s  
and t h e  p r o p e l l a n t  mass f r a c t i o n s  ( ) ,*)are  shown i n  Table  2 .  It 
i s  assumed t h a t  t h e  t a n k s  a r e  f i l l e d  t o  85 p e r c e n t  c a p a c i t y  (15  
p e r c e n t  u l l a g e )  f o r  a l l  m i s s i o n s .  B o i l o f f  w i l l  v a ry  w i t h  
t h e  m i s s i o n s  and s i g n i f i c a n t l y  e f f e c t  t h e  A ’  t h a t  can  be o b t a i n e d .  

TABLE 2 

PM-I1 DESIGN SUMMARY 

LF2/LH2 L02/LH2 FLOX/CH4 Compound A/MHF-5 

*Gross Weight 
( E a r t h  Launch) 2 7 , 7 9 1  31,988 2 h  ,1+62 2 8 , 5 4 4  

#Weight (P lane-  26,630 2 9 , 8 4 1  25 ,819  28,104 

A ’  .845 .827  - 895 909 

t a r y  Abort)  

A ’ (P lane -  
t a r y  Abor t )  .889 ’ 877 9 1 9  9 923 

Weight ( a f t e r  2 
y e a r s  on l u n a r  
S u r f a c e  j 22,631 25,873 24,685 28,544 

A ’ ( Lunar)  .808 785 .890 .g10 

*Stage  loaded  t o  accompl ish  l u n a r  m i s s i o n  t a k i n g  b o i l o f f  i n t o  account  

#Meteoro id  s h i e l d i n g  j e t t i s o n n e d  
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3 . 0  MISSION DESCRIPTIONS 

3 . 1  P l a n e t a r y  Abort 

f u n c t i o n  a r e  complex. During i n j e c t i o n  from ear th  o r b i t  
o n t o  t h e  p l a n e t a r y  t r a j e c t o r y ,  t h e  E a r t h  En t ry  Module (EEM) 
must be docked t o  t h e  PM-I1 a t  t h e  a f t  end of  t h e  EEM. T h i s  
c o n f i g u r a t i o n  a l lows  t h e  most e f f i c i e n t  and fas tes t  means of 
i n i t i a t i n g  a b o r t .  The a b o r t  package i s  f i r s t  s e p a r a t e d  from 
t h e  res t  of t h e  s p a c e c r a f t .  If PM-I1 m e t e o r o i d  s h i e l d i n g  i s  
t h e n  j e t t i s o n e d * ,  t h e  r e s u l t i n g  a b o r t  stage c o n f i g u r a t i o n  
p r o p e l l a n t  f r a c t i o n ,  A', i s  i n c r e a s e d  up t o  6 . 0  p o i n t s .  The 
p r o p e r  s p a c e c r a f t  a l ignment  i s  t h e n  e s t a b l i s h e d  b e f o r e  main 
e n g i n e  f i r i n g .  

The o p e r a t i o n a l  f e a t u r e s  of  t h e  p l a n e t a r y  a b o r t  

A b o r t  AV r equ i r emen t s  i n c r e a s e  very r a p i d l y  w i t h  t i m e  
a f t e r  i n j e c t i o n .  MSC s t a t e s  tha t  i t  could  take up t o  5 minu tes  
a f t e r  t r a n s - p l a n e t a r y  i n j e c t i o n  t o  de te rmine  (from t h e  t r a j e c t o r y )  
i f  a b o r t  i s  n e c e s s a r y .  T h i s  r equ i r emen t  w i l l  s i z e  t h e  eng ine  
t h r u s t  l e v e l ,  s i n c e  f o r  eng ines  of t h e  1 0 , 0 0 0  t o  20 ,000  pound 
t h r u s t  c l a s s ,  t h e  PM-I1 engine  run  t ime can approach  1 0  minu tes .  
The a b o r t  AV r equ i r emen t s  a r e  based on i n s t a n t a n e o u s  impulse ,  
and a much more d e t a i l e d  a n a l y s i s  o f  t h e  a b o r t  problem u s i n g  a 
f i n i t e  burn  t ime i s  necessa ry  t o  adequa te ly  de te rmine  these re- 
qu i r emen t s .  The s tage was s i z e d  w i t h  t h e  a b o r t  accompl ished  i n  
1 0  minutes  a f t e r  i n j e c i t o n .  The s t a g e  was a l s o  s i z e d  f o r  a re- 
s i d u a l  i n j e c t i o n  v e l o c i t y ,  Vm, o f  0 . 2 1  emos t o  encompass most of  
t h e  contempla ted  Mars and Venus f l y b y  m i s s i o n s .  

3 . 2  P l a n e t a r y  Miss ions  

The p l a n e t a r y  mis s ion  s e l e c t e d  f o r  t h i s  d e s i g n  s t u d y  
was a d u a l  p l a n e t  f l y b y .  T h i s  mi s s ion  has a nominal 740 day  
d u r a t i o n .  It i s  assumed t h a t  t he re  i s  a 180 day  ear th  o r b i t  s t a y  
t i m e  b e f o r e  embarking on t h e  p l a n e t a r y  phase .  The th ree  l e g s  of  
t h i s  m i s s i o n  are 1 6 0  days t o  Venus encoun te r ,  280 days from Venus 
t o  Mars, and a 300 day r e t u r n  t o  E a r t h  from Mars. The PM-I1 must 
~ r n ~ ~ i r j ~  a t . t . i t i j . d~  c o n t y n l  cont inuoi i s ly  for t h e  e n t i r e  m i s s i o n ;  a-nd 
500 f p s  midcourse AV f o r  each  o f  t h e  t h ree  l e g s  o f  t h e  m i s s i o n .  
The use  of C M G ' s  f o r  a t t i t u d e  s t a b i l i z a t i o n  might e l i m i n a t e  t h e  
need  f o r  p r o p u l s i v e  a t t i t u d e  c o n t r o l  bu t  was n o t  c o n s i d e r e d  s o  as 
t o  b e  c o n s e r v a t i v e  i n  t h e  p r o p u l s i o n  r equ i r emen t s .  It is  assumed 
t h a t  t h e  s p a c e c r a f t  weighs 200,000 pounds and l e a v e s  50 ,000  pounds 
o f  p robes  and expendab les  du r ing  each  p l a n e t a r y  encoun te r .  The 
r e s u l t i n g  earth r e t u r n  s p a c e c r a f t  would t h e n  weigh about  100 ,000  
pounds.  

*The p r a c t i c a l i t y  of s h i e l d  j e t t i s o n i n g  has n o t  been  
i n v e s t i g a t e d .  
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3.3 Lunar Miss ion  

- 5 -  

The l u n a r  m i s s i o n  p r o f i l e  c o n s i s t s  of  a s t a n d a r d  S a t u r n  
V l a u n c h  and a PM-18” l u n a r  i n j e c t i o n  and l a n d i n g  w i t h  t h e  PM-I1 
as p a r t  of t h e  l a n d e d  l u n a r  payload .  A dormant p e r i o d  o f  up t o  
2 years on t h e  l u n a r  s u r f a c e  i s  assumed. The PM-I1 w i l l  t h e n  be 
a c t i v a t e d  and p r o v i d e  t h e  l u n a r  a s c e n t  and r e t u r n  AV f o r  a t o t a l  
o f  o v e r  1 4 , 2 0 0  pounds which i n c l u d e s  a n  EEM and t h e  Envi ronmenta l  
C o n t r o l  Sys tem and L i f e  Support  Sys t em s tage a d d i t i o n . *  

3.4 E a r t h  O r b i t a l  Miss ions  

The t y p e s  of e a r t h  o r b i t a l  m i s s i o n s  contempla ted  f o r  
t h e  PM-I1 are  low a l t i t u d e  ( 1 0 0  n .mi . )  e a r t h  r e s o u r c e s  t y p e  
m i s s i o n s ,  and s o l a r  and s t e l l a r  astronomy m i s s i o n s  i n  h i g h e r  or- 
b i t s  ( 2 5 0  n . m i . ) .  The low a l t i t u d e  m i s s i o n s  are  f lown w i t h  t h e  
s p a c e c r a f t  i n  a belly-down o r i e n t a t i o n ,  w h i l e  t h e  h i g h e r  a l t i t u d e  
m i s s i o n s  have t h e  s p a c e c r a f t  q u a s i - i n e r t i a l l y  o r i e n t e d .  The 

23  s p a c e c r a f t  p h y s i c a l  p r o p e r t i e s ,  mass, l e n g t h ,  diameter, e t c . ,  
are estimated f rom a s t u d y  on m u l t i - d i s c i p l i n a r y  s p a c e  s t a t i o n s  . 
The requ i r emen t s  f o r  these two year  m i s s i o n s  and t h e  PM-I1 capa- 
b i l i t y  are shown i n  F i g u r e  1. It can be seen  t h a t  t h e  PM-I1 
i s  q u i t e  appl icable  t o  lower a l t i t u d e  m i s s i o n s ,  b u t  g r o s s l y  
o v e r s i z e d  a t  h ighe r  a l t i t u d e s .  

3.5 C o n s t r a i n t s  

Before  t h e  d e s i g n  s tudy  i s  p r e s e n t e d ,  t h e  c o n s t r a i n t s  
upon which t h e  d e s i g n  i s  based shou ld  be unde r s tood .  From a n  
ear th  o r b i t  l o g i s t i c s  s t a n d p o i n t ,  t h e  PM-I1 s h o u l d  b e  compa t ib l e  
i n  diameter w i t h  Gemini o r  Apol lo  ea r th  e n t r y  modules and t h e  
T i t a n  I11 o r  S I B  l aunch  v e h i c l e  fami l ies .  T h i s  d i c t a t e s  a 
diameter of  about  1 0  t o  15  f e e t .  

The s t a n d a r d  S a t u r n  V e a r t h  l aunch  v e h i c l e  (ELV) p l u s  
PM-I d e l i v e r e d  l u n a r  payload  c a p a b i l i t y  p r e s e n t s  a n o t h e r  l imi t a -  
t i o n  on t h e  PM-I1 d e s i g n  s i n c e  about  45,000 pounds can  b e  d e l i v e r e d  
t o  t h e  l u n a r  s u r f a c e .  T h i s  i n c l u d e s  t he  EEM, t h e  PM-11, and l u n a r  
pay load .  T h e r e f o r e ,  t h e  maximum PM-I1 gross weight a t  ear th  launch  
s n o u i d  be about  30 ,000  pounds o r  l ess ,  a l l o w i n g  about  1 5 , 0 0 0  l b  
f o r  t h e  EEM. 

The p l a n e t a r y  mis s ion  EEM s i z e  used d u r i n g  t h i s  a n a l y s i s  
i s  17,500 pounds (based on a four-man crew w i t h  a n  ear th  e n t r y  
v e l o c i t y  o f  55,000 F p s ) .  For the  l u n a r  r e t u r n  m i s s i o n ,  t h e  EEM 
weighs 12 ,500  pounds ( f o u r  men and 36,000 f p s  e n t r y  s p e e d ) .  Neither 
EEM i s  capab le  o f  i ndependen t ly  s u s t a i n i n g  l i f e  f o r  more t h a n  about  

* Appendix H 
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2 4  h o u r s ,  and a l i f e t i m e  of up t o  two weeks may be r e q u i r e d .  
A small s t a g e  s e c t i o n  i s  added t o  t h e  EEM's t o  p r o v i d e  t he  
e s s e n t i a l  l i f e  s u p p o r t  and e n v i r o n m e n t a l  c o n t r o l  sys t ems .  
T h i s  s t a g e  a d d i t i o n  w i l l  weigh about 1700 pounds.  

L a r g e r  crew s i z e s  were not c o n s i d e r e d  a t  t h i s  t i m e  
s i n c e  the r e s u l t i n g  l u n a r  EEM would b e  t o o  heavy t o  a l l o w  t h e  
m i s s i o n  t o  be  accompl ished  w i t h  the s t a n d a r d  S a t u r n  V. A 
l a r g e r  crew would a l so  i n c r e a s e  t h e  p l a n e t a r y  PM-I1 and EEM 
w e i g h t s .  
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4.0 D E S I G N  CONSIDERATIONS 

4 . 1  Stage Mass F r a c t i o n  

An e x t e n s i v e  a n a l y s i s  of me teo ro id  p r o t e c t i o n ,  thermal 
envi ronment ,  s tage s t r u c t u r e  and packaging  was n e c e s s a r y  t o  a l -  
low r e a s o n a b l e  e s t i m a t i o n s  of t h e  stage i n e r t  we igh t s .  The de- 
t a i l s  o f  t hese  f r a c t i o n s  a t t a i n a b l e  for t h e  v a r i o u s  p r o p e l l a n t  
combina t ions  are shown i n  T a b l e  3 w i t h  major  component w e i g h t s  
d e l i n e a t e d .  

The r e q u i r e m e n t s  of t h e  l u n a r  m i s s i o n  ( two years  d o r -  
mant on t h e  l u n a r  s u r f a c e )  p r e s e n t  t h e  most s e v e r e  thermal  prob-  
lems w i t h  maximum b o i l o f f  o c c u r r i n g .  To i n s u r e  t h a t  enough 
p r o p e l l a n t  remains  t o  complete t h e  m i s s i o n ,  a d d i t i o n a l  p r o p e l l a n t  
must be loaded  a t  earth launch  t o  compensate f o r  t h e  b o i l o f f .  
The r e s u l t  i s  a r e l a t i v e l y  heavy stage a t  ea r th  launch--26,000 
to 3 2 , 0 0 0  pounds depending on p r o p e l l a n t  s e l e c t i o n .  

To minimize d e s i g n  changes between m i s s i o n s ,  t h e  p ro -  
p e l l a n t  t a n k s  n e c e s s a r y  f o r  t he  l u n a r  m i s s i o n  are  used  f o r  a l l  
o t h e r  contempla ted  m i s s i o n s  and assumed f u l l y  loaded  (15  p e r c e n t  
u l l a g e ) .  For  p l a n e t a r y  a b o r t ,  a lmost  no b o i l o f f  will have 
o c c u r r e d  and a l l  t h e  l o a d e d  p r o p e l l a n t  i s  u s a b l e .  L e s s  t h a n  
l u n a r  b o i l o f f  w i l l  o c c u r  d u r i n g  p l a n e t a r y  and e a r t h  o r b i t a l  
m i s s i o n s  and t h e  r ema in ing  b o i l o f f  cont ingency  p r o p e l l a n t  w i l l  
a l s o  be u s a b l e .  It s h o u l d  be  n o t e d ,  however, t h a t  more f u e l  
t h a n  o x i d i z e r  b o i l o f f  occu r s  and t h e  r e s u l t i n g  t anked  m i x t u r e  
r a t i o  i s  q u i t e  low. The e n g i n e s  must t h e r e f o r e  b e  des igned  
to r u n  ve ry  f u e l  r i c h  to u t i l i z e  a l l  t h e  p r o p e l l a n t s  and t h i s  
r e s u l t s  i n  reduced  s p e c i f i c  impu l se .  The t o t a l  impulse  capa- 
b i l i t y  of t h e  s t a g e s  i s  s t i l l  i n c r e a s e d  even a t  t h e  reduced  
s p e c i f i c  impulse .  T h i s  p u t s  a s t r i n g e n t  r equ i r emen t  on e n g i n e  
development ,  however, and o t h e r  schemes o f  p r o p e l l a n t  u t i l i z a -  
t i o n  may be  employed. Also ,  t h e  stages need n o t  b e  loaded  to 
f u l l  p r o p e l l a n t  c a p a c i t y  f o r  some o f  t h e  m i s s i o n s .  

The c a p a b i l i t y  o f  these  stages f o r  t h e  v a r i o u s  m i s s i o n s  
i s  shown i n  Table  4 .  With the  b o i l o f f  p r o p e l l a n t  added t o  t h a t  
de t e rmined  by t he  p l a n e t a r y  a b o r t  m i s s i o n ,  t h e  s p e c i f i c  impulse  
f o r  t h e  c ryogen ic  s tages  drops  a lmost  15 p e r c e n t  i f  t h e  eng ine  i s  
r u n  a t  these reduced  ( t anked)  mix tu re  r a t i o s ,  b u t  t h e  t o t a l  impulse  
c a p a b i l i t y  i s  s t i l l  i n c r e a s e d .  
s l i g h t l y  lowered w i t h  a n e g l i g i b l e  e f f e c t  on engine  s p e c i f i c  impu l se .  
S i n c e  no b o i l o f f  o f  Compound A/MHF-5 p r o p e l l a n t s  o c c u r s ,  t he re  w i l l  
be  no change i n  t h e  t anked  mixture  r a t i o .  

I 
The FLOX/CH4 mix tu re  r a t i o  i s  on ly  
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TABLE 3 

GROSS WEIGHT AT EARTH LAUNCH 

L02/LH2 LF2/LH2 

Loaded P r o p e l l a n t  27,086 23,849 
( B o i l o f f  Cont ingency)  (6 ,115)  (5 ,110)  

Meteoroid S h i e l d  and 1,555 1 ,015  
S t r u c  t u r e  

I n s u l a t i o n  1 2 9  98 

S t o r a b i l i t y  P e n a l t y  1,446 1 ,130  
(Tanks and Meteoroid 

S h i e l d i n g )  

S t r u c t u r e  and 
Sub s y s t e m s  

1,772 1 ,649  

T o t a l  Weight 31,988 27,741 

A’ (assuming b o i l o f f  . 827  .845 
p r o p e l l a n t  con t  i n -  
gency u s a b l e )  

PLANETARY ABORT 

A W  Meteoro id  S h i e l d  - 2 1 4 7  -1381 
J e t t i s o n  

Total Weight 29,841 26,360 

A’  ( u s i n g  a l l  l oaded  .885 .890 
p r o p e l l a n t )  

FLOX/CH4 

IT SUMMARY AND MASS FR- .ZTION 

23,917 

793 

77 

30 

(1 ,777)  

1 ,645  

26,462 

895 

-643 

25,819 

,918  

LUNAR ASCENT AND RETURN 
(After two y e a r s  dormant on l u n a r  s u r f a c e )  

A W  P r o p e l l a n t  -6115 -5110 -1777 
B o i l o f f  

Total Weight 25,873 22,631 24,685 

A’  - 785  .808 .890 

Comp A/MHF-5 

26,121 
(0) 

687 

32 

-- 

1,704 

28,544 

.g10 

-440 

28,104 

.922 

0 

28,544 

,910  
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(Table  3 Cont.) 

PLANETARY FLYBY 

L02/LH2 LF*/LH2 

AW Propellant -3850 -2680 
B o i l o f f  

T o t a l  Weight 28,138 25,061 

A’ .802 .826 

EARTH ORBITAL 

AW P r  ope 11 a n t  -4170 -2880 
B o i l o f f  

T o t a l  Weight 27,818 24,861 

A ’  .800 .825 

FLOX/CH4 Comp A/MHF-5 

0 0 

26,462 28,544 

895 , 910  

0 0 

26,462 28,544 

895 .g10 
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TABLE 4 

PM-I1 CAPABILITV 

L02/LH2 LF2/LH2 

Tanked Mix tu re  
R a t i o ,  O/F 2 . 1 5  3 . 5 3  

Design Mix tu re  
R a t i o ,  O/F 6 . 0 0  1 2 . 0 0  

Engine S p e c i f i c  
Impulse , see .  
(Tanked M . R .  ) 410 4 0 0  

Engine  S p e c i f i c  
Impulse , s e e .  
(Des ign  M.R.) 460 470  

P l a n e t a r y  Abort 
AV, f p s  1 0 , 2 0 0  9 ,400 

P l a n e t a r y  A V / l e g  
( 3  l e g s ) ,  f p s  6 2 7  576 

Lunar  Return  Payload  
l b s . ( i n c l u d i n g  EEM) 15,400 15,100 

FLOX/CH4 Comp A / Y H P -  5 

5.62 

5 . 7 5  

400 

400 

9,600 

610 

16,000 

6 E a r t h  O r b i t  T o t a l  
Impu l se ,  l b - s e e  9 . 3  x lo6 8 . 5  x 10' 9 . 5  x 10 

2.70 

2.70 

350 

350 

9,000 

590 

15,600 

9 . 1  x 10 6 
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On p lane ta ry  mis s ions ,  if p o s t - i n j e c t i o n  a b o r t  i s  
n e c e s s i t a t e d ,  t h e  a d d i t i o n a l  p r o p e l l a n t  l oaded  f o r  b o i l o f f  con- 
t i n g e n c y  i s  u t i l i z e d  and r e s u l t s  i n  an i n c r e a s e  i n  t h e  a b o r t  AV 
of 400 f p s  for LF2/LH2, 600 f p s  for FLOX/CH4, and 1200 f p s  for 
L02/LH2. If a b o r t  i s  n o t  i n i t i a t e d  and t h e  p l a n e t a r y  m i s s i o n s  
are  f lown,  t h e  AV c a p a b i l i t y  f o r  each  l e g  o f  t h e  m i s s i o n  i s  i n -  
c r e a s e d  o v e r  20 p e r c e n t  to around 600 f p s .  

The l u n a r  a s c e n t  and r e t u r n  mis s ion  pay loads  t h a t  can 
be  r e t u r n e d  by  t h e  PM-I1 a r e  1 5 , 0 0 0  to 1 6 , 0 0 0  pounds.  I n c l u d e d  
i n  t h i s  payload  i s  t h e  EEM and t h e  LSS a d a p t e r  s e c t i o n  t o t a l i n g  
abou t  1 4 , 2 0 0  pounds. 

The t o t a l  impulse  c a p a b i l i t y  of  t h e  PM-I1 for a two 
year  ea r th  o r b i t a l  m i s s i o n  v a r i e s  from 8.5 t o  9 . 5  m i l l i o n  lb-sec .  
From F i g u r e  1, t h e  a p p l i c a b i l i t y  f o r  t h i s  s tage  s i z e  f o r  two 
y e a r  mi s s ions  i s  i n  t h e  100  t o  200 n.mi. o r b i t a l  r a n g e .  

4.2 P r o p u l s i o n  Module Conf igu ra t ion  

The PM-I1 stage des ign  was ana lyzed  for one, two, and 
t h r e e  eng ine  c o n f i g u r a t i o n s .  The p r o s  and cons o f  t h e s e  d e s i g n s  
are d i s c u s s e d  i n  d e t a i l  i n  Appendix F. F i g u r e s  2, 3, and 4 are  
schemat i c s  of these d e s i g n s .  
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5 . 0  CONCLUSIONS 

The major  conc lus ion  t o  draw from t h i s  s t u d y  i s  t h a t  
t h e  PM-I1 has a g r e a t  dea l  of v e r s a t i l i t y  and can b e  used 
f o r  a wide v a r i e t y  of mis s ions .  Lunar ,  p l a n e t a r y ,  and some ear th  
o r b i t a l  m i s s i o n s  a l l  r e q u i r e  about  t h e  same s i z e  p r o p u l s i o n  stage 
and commonality of  d e s i g n  i s  c l e a r l y  i n d i c a t e d .  A s t a g e  g r o s s  
weight o f  2 6 , 0 0 0  t o  32,000 pounds i s  needed t o  s a t i s fy  these  
m i s s i o n  r e q u i r e m e n t s .  

E v a l u a t i o n  of h igh  performance c r y o g e n i c ,  space-  
s t o r a b l e  and e a r t h - s t o r a b l e  p r o p e l l a n t s  does n o t  y e t  i n d i c a t e  
one p r o p e l l a n t  t o  be s u p e r i o r .  
and FLOX/CH4 are  b e t t e r  t h a n  L02/LH2 and Compound A/MHF-5. 
key  technology area t o  a id  i n  p r o p e l l a n t  s e l e c t i o n  i s  t h e  s t o r a -  
b i l i t y  problem. The b o i l o f f  problem f o r  t h e  c r y o g e n i c s  and i n  
some c a s e s  t h e  s p a c e - s t o r a b l e s  imposes s e v e r e  weight  p e n a l t i e s  
on t h e  stages.  Mass f r a c t i o n s  a t t a i n a b l e  w i t h  c r y o g e n i c s  are 
less  t h a n  0 .85 ,  s p a c e - s t o r a b l e s  are n e a r  0 . 9 0  and e a r t h - s t o r a b l e s  
o v e r  0 . 9 0 .  

On a performance basis ,  LF2/LH2 
The 

Cons ide rab le  d e t a i l e d  d e s i g n  and a n a l y s i s  i s  r e q u i r e d  
t o  more a c c u r a t e l y  d e f i n e  t h e  PM-11. Some o f  t h e  areas o f  most 
concern  r e q u i r i n g  f u r t h e r  i n v e s t i g a t i o n  are d e l i n e a t e d  below: 

1. 

2. 

3. 

4 .  

The rma l  Ana lys i s :  A d e t a i l e d  a n a l y s i s  o f  t h e  
t h e r m a l  environment d u r i n g  t r a n s p l a n e t a r y ,  l u n a r  
and E a r t h  o r b i t a l  mi s s ions  i s  needed.  The e f f e c t  
o f  t h e  t h e r m a l  c y c l i n g  from l u n a r  days and n i g h t s  
must a l s o  be e v a l u a t e d .  

F l u o r i n e  Environment: The e f f e c t  o f  f l u o r i n e  
v e n t i n g  and eng ine  exhaus t  p r o d u c t s  on s e n s o r s ,  
o p t i c a l  equipment ,  e t c . ,  and a l s o  on space  s u i t s  
f o r  e x t r a - v e h i c u l a r  a c t i v i t y  s h o u l d  b e  de te rmined .  

R e f r i g e r a t o r s  and Subcool ing:  An i n v e s t i g a t i o n  o f  
s u b c o o l i n g  t echn iques  and problems i s  n e c e s s a r y ,  
and p r e l i m i n a r y  des ign  of r e f r i g e r a t i o n  sys tem i s  
a l s o  n e c e s s a r y  i f  it i s  de te rmined  t h a t  such  a 
s y s t e m  i s  r e q u i r e d .  

Meteoroid S h i e l d i n g :  An a c c u r a t e  d e t e r m i n a t i o n  of  
t h e  me teo ro id  environment and s h i e l d i n g  r e q u i r e m e n t s  
i s  n e c e s s a r y  s i n c e  t h i s  weight  i s  s i g n i f i c a n t .  The 
s h i e l d i n g  shou ld  be des igned  such  t h a t  l aunch  l o a d s  
are a l s o  handled  b y  t h i s  s t r u c t u r e .  
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5. Abort Requirements:  A f i n i t e  burn t ime a n a l y s i s  
of t h e  p l a n e t a r y  a b o r t  maneuver i s  r e q u i r e d  t o  
s i z e  t h e  s t a g e  a d e q u a t e l y .  T’he t i m e  n e c e s s a r y  
t o  accompl ish  t h e  p r e l i m i n a r y  p r e p a r a t i o n s  p r i o r  
t o  a b o r t  must a l so  be e s t a b l i s h e d .  

6 .  Subsystems:  D e t a i l e d  d e s i g n  o f  a l l  s t a g e  sub-  
s y s t e m s  i s  r e q u i r e d  f o r  a c c u r a t e  s t a g e  d e f i n i t i o n .  
The subsystem weights  now p r e s e n t e d  a r e  main ly  
p r o r a t e d  from o t h e r  s t a g e  s t u d i e s .  

It i s  recommended t h a t  a PM-I1 t y p e  s t a g e  be cons ide red  
by NASA as a c a n d i d a t e  f u t u r e  s p a c e c r a f t  p r o p u l s i o n  s tage .  It 
has v e r s a t i l i t y  and can b e  used w i t h  l a r g e  and small s p a c e c r a f t  
f o r  a wide v a r i e t y  o f  mis s ions .  The technology evolved  from such  
a program would be ex t remely  v a l u a b l e  t o  b o t h  manned and unmanned 
m i s s i o n s .  
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PRELIMINARY SIZING SUMMARY 

Plane tary-Midcourse  C o r r e c t i o n s  and ACS 

A mldcourse c o r r e c t i o n  of 500 f p s  i d e a l  v e l o c i t y  
increment  i s  assumed necessa ry  f o r  each  l e g  of  t h e  p l a n e t a r y  
m i s s i o n .  It i s  a l s o  assumed t h a t  t h e  ACS requ i r emen t s  a re  
1 0 0 0  1b.-sec/day t o t a l  impulse e n r o u t e .  

A range  of s p e c i f i c  irnpulse v a l u e s  were s t u d i e d  
( 3 6 0 ,  4 0 0 ,  435, 460 s e c o n d s )  w i t h  s t a g e  mass f r a c t i o n s  o f  
0 . 8 0 ,  0 .85,  and 0 . 9 0 .  T h i s  a l lows  a p a r a m e t r i c  look a t  t h e  
s i z i n g  problem. 

The m i s s i o n  p r o f i l e  i s  a d u a l  p l a n e t  f l y b y  w i t h  a 
t o t a l  d u r a t i o n  o f  abou t  740 days.  Enroute  t i m e  t o  Venus i s  
160 d a y s ,  Venus t o  Mars i s  280 days ,  and 300 days r e t u r n  t o  
ea r th .  The s p a c e c r a f t  weight  i s  assumed t o  b e  2 0 0 , 0 0 0  pounds 
w i t h  50,000 pounds e j e c t e d  o r  expended a t  e a c h  p l a n e t .  Mid- 
c o u r s e  c o r r e c t i o n s  a r e  needed e n r o u t e  t o  Venus , between Venus 
and Mars, and d u r i n g  t h e  E a r t h  r e t u r n  l e g .  

S i n c e  t h e  t o t a l  impulse o f  a r o c k e t  eng ine  i s  t h e  
weight  of  p r o p e l l a n t  times t h e  s p e c i f i c  impu l se ,  t h e  weight  
o f  p r o p e l l a n t  f o r  a t t i t u d e  c o n t r o l  i s  e a s i l y  found:  
wp  = IT/Isp' The weight  o f  p r o p e l l a n t  n e c e s s a r y  f o r  t h e  mid- 
c o u r s e  c o r r e c t i o n s  i s  found from t h e  i d e a l  v e l o c i t y  e q u a t i o n .  
An i t e r a t i v e  s o l u t i o n  is made f o r  t h e  midcourse  c o r r e c t i o n s  on 
e a c h  l e g  t o  de t e rmine  i n i t i a l  p r o p e l l a n t  l o a d i n g  and hence s t a g e  
g r o s s  we igh t .  The t a b u l a t e d  r e s u l t s  f o r  t h e  v a r i o u s  m i s s i o n  
f u n c t i o n s  are l i s t e d  i n  Table A l .  

TABLE A1 

PLANETARY MISSION PROPELLANT REQUIREMENTS, LBS . 
= 360 s e c .  400 A t t i t u d e  C o n t r o l  - 435 

Outbound 
Venus 
Re tu rn  

445 
778 
834 

400 36 8 
700 644 
750 690 

460 

348 
609 
653 
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Nidcourse C o r r e c t i o n s  Is  = 360 - 400 435 - 460 

Outbound 

A '  = 0.80 
.85 
90 

Venus t o  Mars 

A '  = .80 
85 
90 

R e t  u r n  

x i  = .80 
.85 
.90 

T o t a l  P roDe l l an t  Reauirements 

A' = .80 
85 

* 90 

S t a g e  Gross Weight 

A' = .Go 
.85 
.90 

11400 9800 8650 7920 

10500 9320 goo0 8050 7400 
823 0 7620 10860 

8300 7100 6230 5690 
7900 6750 5920 5470 
7620 6500 5780 5300 

5210 4400 3820 3460 
4930 4160 3610 3310 
4750 4000 3520 3200 

25350 21700 19020 17420 
24500 20930 18603 17010 
23700 20250 18040 16550 

31700 27100 23800 21800 
28800 20600 21900 20000 
26400 22500 20000 18400 

P l a n e t a r y  - P o s t  I n j e c t i o n  Abort 

The v e l o c i t y  r equ i r emen t s  f o r  i n i t i a t i n g  a b o r t  s h o r t l y  
z f t e r  i n j e c t i o n  o n t o  a p l a n e t a r y  o r b i t  were de te rmined  from 
Nor th  American Aviat ion '  and McDonnell-Douglas Company' "3urces. 

i n j e c t i o n  r e s i d u a l  v e l o c i t y ,  V m ,  and t i m e  o f  a b o r t  a f t e r  
i n j e c t i o n .  The r e t u r n  t ime i s  t h r e e  days .  F i g u r e  A 2  shows t h e  
v a r i a t i o n  o f  t h e  a b o r t  v e l o c i t y  r equ i r emen t s  w i t h  r e t u r n  t i m e .  
I t  s h o u l d  be n o t e d  t h a t  t h e  a b o r t  AV r e d u c t i o n  w i t h  i n c r e a s i n g  
t r i p  r e t u r n  t i m e  i s  very  small a f t e r  abou t  t h r e e  d a y s .  

I,. -...",_ Al shows t h c  abz r t  AI? requirements as a- fi-mcti on {;i' 
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The maximum ene rgy  m i s s i o n  c o n s i d e r e d  was one hav ing  
a Vm of 0 . 2 1  emos. T h i s  i s  i n c l u s i v e  of  most of  t h e  Mars and 
Venus f l y b y  m i s s i o n s  p r e s e n t l y  con templa t ed .  The a b o r t  t i m e  i s  
c o n s i d e r e d  a t  1 0  minu tes  a f t e r  i n j e c t i o n  t o  i n c l u d e  a b o r t  
d e c i s i o n  t ime ,  a b o r t  i n i t i a t i o n ,  e a r t h  e n t r y  module (EEM) and 
PM-I1 s e p a r a t i o n  from s p a c e c r a f t ,  and eng ine  r u n  t i m e .  Based 
on these a s sumpt ions ,  a n  a b o r t  AV r equ i r emen t  of  9000 f p s  i s  
r e q u i r e d .  

It i s  assumed that  a 17,500 pound ear th  e n t r y  module 
(EEM) and a small s t a g e  a d d i t i o n  ( ~ 1 7 0 0 )  c a r r y i n g  t h e  n e c e s s a r y  
l i f e  s u p p o r t  (LSS) and env i ronmen ta l  c o n t r o l  ( E C S )  equipment 
t o  s u s t a i n  l i f e  up t o  t e n  days i s  also r e t u r n e d .  The s t a g e  
s i z e  i s  t h e n :  

A '  = .80 
85 
9 0  

460 
- - - = 360 s e c  400 453 

39,900 l b s  32,500 28,000 2 5 , 4 0 0  
33,500 27,900 24,300 22,100 
28,800 24,400 21,400 19,700 

Lunar  Ascent and Return  

The l u n a r  a s c e n t  and r e t u r n  m i s s i o n  r e q u z r e s  a A V  of  
about  1 0 , 0 0 0  f p s .  Assuming an EEM of  12,500 pounds,  and t h e  LSS 
and ECS equipment used  f o r  p l a n e t a r y  a b o r t ,  t h e  r e q u i r e d  PM-I1 
stage s i z e  i s  found LC,~  be:  

= 360 s e c  400 435  460 
- - - 

A' = .80 
- 8 5  

90 

37,000 l b s  29,000 25,300 22,400 
30,300 24,700 21,300 19,300 
25,500 21,100 18,600 17,000 

The p l a n e t a r y  a b o r t  f u n c t i o n  i s  s e e n  t o  r e q u i r e  t h e  
largest  s i z e  s t a g e .  Using t h i s  s t a g e ,  i t s  a p p l i c a t i o n  t o  t h e  
o t h e r  m i s s i o n s  i s  e v a l u a t e d  and summarized i n  Tab le  A 2 .  it 
s h o u l d  be n o t e d  t h a t  these s t a g e  s i z e s  a r e  based on u s a b l e  
p r o p e l l a n t ,  o n l y ,  and no b o i l o f f  a l lowances  a r e  made. 
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TANK DESIGNS 

The amount of  p r o p e l l a n t  n e c e s s a r y  f o r  t h e  PM-I1 
i s  de te rmined  from the  p l a n e t a r y  a b o r t  r equ i r emen t s  u s i n g  
t h e  i d e a l  v e l o c i t y  e q u a t i o n .  

AVi = Is g I n  R 

where 

AVi = i d e a l  v e l o c i t y ,  f p s  

Is = vacuum s p e c i f i c  impulse ,  s e c .  

R = 5 = i n i t i a l  gross w e i g h t / f i n a l  weight  a f t e r  
wf p r o p e l l a n t  burn  

w = w  + w  + W P L  

wf - wI + wPL 

0 I P Also, 

- 

A ’  = W P / ( W I  + w,) 

where 

WI = s t a g e  i n e r t ,  we igh t ,  l b s .  

= s t a g e  p r o p e l l a n t  we igh t ,  lbs. wP 

WpL = p a y l o a d  weight ,  l b s .  

A ’  = p r o p e l l a n t  mass f r a c t i o n  
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Then 

1 

1 - A ’  

A* wp + wPL 

A’ wP + wPL 

R =  
- 

- 2 -  

Knowing t h e  n e c e s s a r y  AV, t h e  eng ine  s p e c i f i c  
impulse ,  and t h e  pay load ,  and e s t i m a t i n g  t h e  p r o p e l l a n t  mass 
f r a c t i o n ,  t he  p r o p e l l a n t  weight i s  de termined:  

AVi - 
ISg  R = e  

Wp = (R-1) A ’  
wPL (l-R+RA ’) 

The volume occupied by these p r o p e l l a n t s  i s  t h e n  
de te rmined  once t h e  p r o p e l l a n t  m i x t u r e  r a t i o  i s  assumed. 

where Wox = o x i d i z e r  weight ,  l b s .  

Wf = f u e l  we igh t ,  l b s .  

Hence 

wf 1 7Fmn Vf = - 
p f  

wP MR = -  = -  
vox Pox pox 
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where 

3 V = p r o p e l l a n t  volume, f t  

p = p r o p e l l a n t  d e n s i t y ,  l b / f t  3 

Assuming t h e r e  i s  a 1 5  pe rcen t  u l l a g e  volume, t h e  re- 
q u i r e d  t a n k  volumes are VT = 1 .15  Vp.  With t h e  t a n k  volumes known, 
t h e  t a n k  dimensions are  e a s i l y  found f o r  t h e  v a r i o u s  c o n f i g u r a t i o n s  
by:  

T y p e  Volume S u r f a c e  Area Comments 

r = r a d i u s  
a = major  semi-axis  
b = minor semi-axis  

2 4rr  3 
2 

Sphere 4/3nr 
2 b l + e  2ra tm-ln- e l + e  -E 11 i p s  o i d  4/3ma b 

a / b  = e c c e n t r i c i t y  = 
J-T 

r = c r o s s - s e c t i o n  
r a d i u s  

R = t o r o i d  r a d i u s  t o  
c e n t e r  o f  c ross -  
s e c t i o n  

2 4 r  r R  2 T o r o i d  2 1 ~ r  R 

T a b l e  B1 p r e s e n t s  a p r o p e l l a n t  t a n k  dimensions summary. 

TABLE B1 
PROPELLANT TANK SUMMARY 

LH2 FLOX C H 4  C 0 m p . A  MHF-5 - -  - L02 _c_ LH2 3 - 
280 775 2 1 2  385 2 4 1  1 4 2  1 8 3  125  Volume, f t  3 

Torus  t a n k s  --- Diameter,ft 1 1 . 0  --- 1 1 . 0  --- 11.0 --- 11.0 
Uh<”.l-.+ 04- 3.8 --- 3.0  --- 3.u ? I  --- 2 . 9  --- 

237 --- 263 --- 206 --- Surface area,  f t2  270 --- 
L l G L & l U ,  I U 

4 7  E l l i p s o i d a l  
t a n k s  
Diameter, f t  9 . 1  12 .8  8 . 3  1 0 . 2  8.7 7 - 3  7.8 6 .9  

6.5 9.1 5.9 7.2 6 . 1  5 .2  5 . 5  4 . 9  
227 448 189 280 205 1 4 4  166 129 

Height ,  f t  
S u r f a c e  Area ,ft 2 

S p h e r i c a l  Tanks 
Diameter, f t  8 . 1  1 1 . 4  7 .4  9 . 0  7 . 7  6 . 5  7.0 6 . 1  
S u r f a c e  area,  f t 2  206 409 172 255 188 132 152 177 
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FLOX CH,, Cornp. A MHF-5 3 2 - LF2 LH2 - - 

S t a g e  Length 
w/o Engines ,  f t  

9 .5  7 .5  T o r u s - E l l i p s e  --- 
Torus -Sphere 1 4 . 6  1 1 . 0  8 .8  
E l l i p s e - E l l i p s e  --- 13 .5  11.8 

P r o p e l l a n t  Tank Weights 

A s p h e r i c a l  c o n t a i n e r  stressed by uni form i n t e r n a l  
p r e s s u r e  has a r e q u i r e d  t h i c k n e s s  

where P = I n t e r n a l  p r e s s u r e  
R = Tank r a d i u s  
u = Allowable s t r e s s  

The weight  of  t h e  c o n t a i n e r  i s  

R 
3 s’ 

F o r  a sphere,  V = -A s o  W = $ E PV. 

F o r  an  e l l i p s e ,  t h e  t h i c k n e s s  i s  

a = semimajor a x i s  

y = d i s t a n c e  measure a l o n g  minor a x i s .  

For a c o n s t a n t  s t ress  s h e l l ,  t h e  weight  o f  an  e l l o p s o i d  i s  
found t o  be 

We =JPT dA = a- PP Ve. 
a 

For t o r u s  t a n k s ,  t h e  r e q u i r e d  t h i c k n e s s  i s  

6.5 
7.0 

1 0 . 9  

t = -  Pr 
2a 

where 
r = c r o s s - s e c t i o n a l  r a d i u s  
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l 'he weight  of t h e  t a n k  i s  t h e n  found t o  b e  

2 2n W = 4n r R t p  = - tpV = PV. r 0 

The t a n k  weights f o r  t h e  v a r i o u s  d e s i g n s ,  u s i n g  aluminum, are t h e n :  

TABLE B2 

P r o p e l l a n t  Tank Weights, l b s  

LF2 LH2 FLOX CH4 Comp. A MHF-5 

Sphere 118 384 117 191 1 1 9  83 26 18 
Torus 247 805 245 400 249 174 55 38 

E l l i p s e  157 511 156 254 159 111 35 24 

- 3 - LH2 - - 

The t a n k  d e s i g n  p r e s s u r e s  a r e  c a l c u l a t e d  and d i s c u s s e d  i n  Appendix D .  
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METEOROID SHIELDING AND SIDEWALL STRUCTURE 

For t h e  l o n g  d u r a t i o n  m i s s i o n s  contempla ted  i n  t h i s  
s t u d y ,  t h e  me teo ro id  s h i e l d i n g  n e c e s s a r y  t o  a s s u r e  a mis s ion  
r e l i a b i l i t y  of  .999 becomes a s i g n i f i c a n t  pa r t  o f  t h e  stage 
i n e r t  we igh t .  The weight  of t he  s h i e l d i n g  p e r  s q u a r e  f o o t  o f  
s u r f a c e  area a l s o  exceeds  t h a t  needed f o r  t h e  s t r u c t u r a l  l o a d s  
encoun te red  d u r i n g  l aunch  and t h r u s t i n g .  Based on t h e  data 
from Boeing," F i g u r e  C1 was est imated and shows t h e  r e q u i r e d  
wall  weights per  s q u a r e  f o o t  of  s u r f a c e  area f o r  a g iven  com- 
p r e s s i v e  l aunch  l o a d  and f o r  mis s ion  d u r a t i o n s  o f  2 and 5 yea r s .  
From a Bellcomm source,"  t h e  r e q u i r e d  s i n g l e  shee t  aluminum 
t h i c k n e s s  i s  estimated as tAL = 131  x lo- '  (AT)  'I3, where A i s  
t h e  exposed s u r f a c e  area o f  the  t a n k s  i n  f t 2  and T i s  t i m e  i n  
days .  T h i s  formula  i n c l u d e s  a spa11 f a c t o r  o f  1 . 5 .  The re -  
q u i r e d  shee t  t h i c k n e s s  f o r  a l l  t h e  s tages  i s  on t h e  o r d e r  o f  
1 i n c h  f o r  2 year mis s ions  and 1 . 2 5  i n c h e s  f o r  5 year m i s s i o n s .  
These t h i c k n e s s e s  are i m p r a c t i c a l  and t h e  use  of mul t i - shee t  
walls are employed. Wi th  p rope r  s p a c i n g  and d e s i g n ,  i t  i s  
r e a s o n a b l e  t o  assume a "bumper f a c t o r "  o f  7 .5  f o r  t h e  o u t e r  wal l .  

The s ide  wall  compressive l aunch  l o a d s  a re  de termined  
t o  be a maximum o f  600  pounds p e r  runn ing  i n c h  o f  c i r cumfe rence .  
T h i s  i s  based on a weight above t h e  PM-I1 a t  l a u n c h  o f  j u s t  o v e r  
3 7 ; O O O  pounds and a maximum a c c e l e r a t i o n  o f  7 . 5 g ' s .  T h i s  i n -  
c l u d e s  t h e  l a u n c h  escape s y s t e m ,  and abou t  1700 pounds f o r  t h e  
ex tended  LSS and ECS s t a g e  f o r  t h e  EEM. 

The me teo ro id  s h i e l d i n g  and s idewall  weight  f o r  2 and 
5 years m i s s i o n s ,  w i t h  a 600 l b  i n  runn ing  l o a d  are estimated from 
Boeing data t o  be 2 . 1  and 3.2 l b / f t 2  r e s p e c t i v e l y .  
t h e  s t r u c t u r e  l o a d s  dominate t he  s h i e l d  t h i c k n e s s  and t h e  e f f e c t s  
ef v e h i c l e  area are minimized. 

I n  t h i s  r e g i o n ,  

The me teo ro id  and sidewall  r e q u i r e m e n t s  f o r  t h e  c a n d i d a t e  
s t a g e s  are summarized below. It can be s e e n  t h a t  t h e  r e s u l t s  from 
b o t h  methods o f  c a l c u l a t i o n  are f a i r l y  c l o s e .  It i s  a l s o  n o t e d  t h a t  
these we igh t s  were determined under  t he  assumpt ion  t h a t  t h e  
a s t e r o i d  b e l t  would n o t  b e  encountered .  
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TABLE C 1  

METEOROID SHIELDING AND SIDEWALL REQUIREMENTS 

L02/LH2 

LF2/LH2 

FLOX/CH4 

C omp o und 

W/A, l b / f t 2  

( t  = 1 3 1  ~ o - ~ ( A T )  1/3) 

2 y e a r s  5 y e a r s  

2 .25  3.08 

2.07 2 . 7 6  

1 . 9 2  2 . 6 8  

A/MHF-5 1 - 8 4  2 .53  

Boeing  Data 

2 y e a r s  

2 . 1  

5 y e a r s  

3 .2  

2 . 1  3 . 2  

2 . 1  3 .2  

2 . 1  3.2 * 
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THERMAL A N A L Y S I S  

A c r i t i c a l  problem i n  a v e h i c l e  d e s i g n  o f  t h i s  t y p e  
i s  t h e  l o n g  term s t o r a g e  o f  t h e  c ryogen ic  p r o p e l l a n t s .  T b  
est imate  t h e  magnitude o f  t h i s  problem, a p r e l i m i n a r y  t h e r m a l  
a n a l y s i s  was performed by assuming o u t s i d e  t a n k  wal l  t e m p e r a t u r e s  
( o u t s i d e  s u r f a c e  of i n s u l a t i o n ) .  These t e m p e r a t u r e s ,  which 
were assumed uni form ove r  t h e  e n t i r e  t a n k  s u r f a c e s ,  were 300°R 
f o r  p l a n e t a r y  m i s s i o n s ,  400°R f o r  e a r t h  o r b i t a l  m i s s i o n s ,  and 
500’R on t h e  l u n a r  s u r f a c e .  These assumpt ions  a re  f a i r l y  con- 
s i s t e n t  w i t h  c u r r e n t  s t u d i e s  w i t h i n  t h e  i n d u s t r y  and a re  some- 
w l l a t  c o n s e r v a t i v e .  The l u n a r  s u r f a c e  t e m p e r a t u r e s  w i l l  a c t u a l l y  
be c y c l i c  w i t h  t h e  two week l u n a r  days and n i g h t s  and t h e  assump- 
t i o n  o f  a 500’R c o n s t a n t  t empera tu re  shou ld  be q u i t e  conserva-  
t i v e .  Obviously,  t hese  a re  g r o s s  assumpt ions  and a more d e t a i l e d  
a n a l y s i s  o f  t h e  t h e r m a l  environment i s  n e c e s s a r y .  It was a l s o  
assumed t h a t  heat s h o r t s  c o n t r i b u t e d  one t h i r d  o f  t h e  t o t a l  h e a t  
i n p u t .  I n  a l l  c a s e s ,  t h i s  assumption r e s u l t e d  i n  a h ighe r  heat 
t r ans fe r  r a t e  t h a n  a n  e m p i r i c a l  formula  deve loped  by t h e  Mar t in  Co. 
p r e d i c t s :  

2 4  
- .L .. 

1 3  

2.36 TH 1 . 6 7  0 . 5  

Tc 0 . 8  
1 0  

P - D - 
10 100 ‘H.S. = 

- 

where t h e  t a n k  i s  assumed s p h e r i c a l ,  

D = diameter,  f t  
TH = h o t  wal l  t empera tu re ,  O R  

Tc = c o l d  wal l  o r  p r o p e l l a n t  t e m p e r a t u r e ,  O R  

3 = p r o p e l l a n t  d e n s i t y  , l b / f t  
p P  

- 
= - h e a t  f l u x  cue t o  h e a t  S h W t S ,  BTr,r/hr 

q H . S .  
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The l a r g e s t  heat  t r a n s f e r  r a t e  th rough  s h o r t s  (one  
t h i r d  of t h e  t o t a l  heat  i n p u t )  was used  t o  be  c o n s e r v a t i v e  and 
a l s o  t o  account  f o r  t h e  non- sphe r i ca l  t a n k s .  NRC-2 supe r -  
i n s u l a t i o n  was used ( 1 . 5  i n c h e s )  w i t h  a c c n d u c t i v i t y  o f  3 x 
B T U / f t 2  -hr- 'R/ft .  
i n  e q u i l i b r i u m  ( s a t u r a t e d  vapor ) .  

A l l  t h e  p r o p e l l a n t s  and vapor  are c o n s i d e r e d  

The t o t a l  heat t r a n s f e r  r a t e  i n t o  t h e  p r o p e l l a n t s  i s :  

% t a l  - a i n s  + 'H.S. 
- 

where 

= heat  t r a n s f e r  r a t e  through t h e  i n s u l a t i o n ,  
BTU/hr 

- kAAT 
t 

- -  The heat t r a n s f e r  ra te  through t h e  i n s u l a t i o n  i s  qins 
2 where k = i n s u l a t i o n  c o n d u c t i v i t y  = 3 x 10-5BTU/ f t  - h r - O R / f t  

2 A = t a n k  s u r f a c e  area, f t  
AT = t empera tu re  drop across  i n s u l a t i o n ,  O R  

t = i n s u l a t i o n  t h i c k n e s s ,  f t  

The t empera tu re  drop a c r o s s  t h e  i n s u l a t i o n  under  t h e  
assumed o u t e r  boundary ten ipera ture  i s  : 

TABLE D1 
AT,OR 

LH2 L02 LF2 ,FLOX CH4 

Ela-rth Orbit 350°R 250 250 200 

P1 ane t a r y  250 150 1 5 0  100 

Lunar 450 350 350 300 
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The r e s u l t i n g  i n s u l a t i o n  heat  f l u x ,  Q i n s / A ,  i n  
B T U / f t 2  -day i s :  

TABLE D 2  

Lunar 

LH2 2 . 0 1  BTU/ft*-day 1 . 4 4  2.59 

2 . 0 1  L02 1 . 4 4  .86 

E a r t h  O r b i t  P 1 ane t a r y  

LF2 ,FLOX 1 . 4 4  .86 2 . 0 1  

CH4 1.15 .58  1 .72  

Using t h e  t o r u s  o x i d i z e r  t a n k  d e s i g n s  and t h e  sphe r -  

i c a l  and e l l i p s o i d a l  f u e l  t a n k s ,  and d i v i d i n g  by t h e  pro-  
p e l l a n t  mass, t h e  t o t a l  heat r a t e  p e r  pound o f  p r o p e l l a n t  can  
be  found:  

/m = 1 . 5  gins / A  x A tank  BTU/lb -day 
Q t o t a l  m 

P r o p  

these  ra tes  are t h e n :  

LO2 ( t o r u s )  

LH2 (Sphe re )  

LF2 ( t o r u s )  

LH2 ( e l l i p s e  ) 

( sphe re )  

FLOX ( t o r u s )  

CH4 ( e l l i p s e )  

( sphe re )  

TABLE D3 

4/m 
E a r t h  O r b i t  

. 033  BTU/lb-day 

. 4 2 6  

. 030  

.586 

534 

. 0 3 0  

. 076  

. 070  

P l a n e t a r y  

.01g  

.306 

.018  

. 4 2 0  

.384 

.018 

039 

.036 

Lunar 

.046 

549 

. 0 4 2  

757 

.688 

. 0 4 2  

. I 1 4  

. i o 5  
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From IBM c a l c u l a t i o n s  done a t  Douglas A i r c r a f t  Co. 14 
t h e  t a n k  p r e s s u r e  v e r s u s  t o t a l  heat i n p u t  p e r  pound o f  p r o p e l l a n t  
i s  de te rmined  knowing t h e  i n i t i a l  p r e s s u r e  and p e r c e n t  u l l a g e  
volume. These r e s u l t s  are shown i n  f i g u r e  D1. The t o t a l  heat 
i n p u t  f o r  a two year l u n a r  miss ion ,  a two y e a r  p l a n e t a r y  (as- 
suming 180 days  i n  ear th  o r b i t )  and a two year  e a r t h  o r b i t a l  
m i s s i o n  are  e a s i l y  found s i n c e  t h e  heat r a t e s  are known. These 
t o t a l  heat i n p u t s  a r e :  

TABLE D4 

Q/m,  BTU/lb .  

E a r t h  O r b i t  P l a n e t a r y  Lunar 

L02 24 20 34 

LH2 

LF2 

LH2 

FLOX 

CH4 

311 

22 

418 

22  

54 

300 

18.5 

394 

18.5 

35 

401 

31 

522 

31 

80 

It would be des i rab le  t o  f l y  a l l  t h e  m i s s i o n s  wi thou t  
v e n t i n g  t h e  p r o p e l l a n t  t a n k s .  A zero-g ven t  s y s t e m  i s  a d i f f i -  
c u l t  d e s i g n  problem and l a r g e r  p r o p e l l a n t  b o i l o f f  w i l l  o c c u r  
w i t h  v e n t i n g .  
problem, w i l l  de te rmine  t h e  t a n k  d e s i g n  c o n d i t i o n s  and t h e  heat 
i n p u t s  are  s o  h igh  t h a t  a l l  t he  p r o p e l l a n t  t a n k s  must be ven ted .  
The t i m e  t h e  t a n k s  cou ld  remain non-vented assuming 100  p s i a  
maximum t a n k  p r e s s u r e  bu i ldup  (68  p s i a  f o r  LH2)  i s  found knowing 
t h e  h e a t i n g  r a t e s  and t h e  a l lowab le  heat  p e r  pound. 

The l u n a r  mis s ion ,  which has t h e  wors t  h e a t i n g  

- 
tw/o v e n t i n g  - (Q/m)a l low 

( Q’m t o t a1 

TABLE D5 
Days Without Ven t ing  

L02 

LH2 

E a r t h  O r b i t  P 1 ane  t a r y  

479 d a y s  832 

68 95 

Lunar 

343 

53 
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LF2 

E a r t h  O r b i t  

474 

LH2 49 

FLOX 474 

P l a n e t  a r y  

790 

Lunar 

338 

69 38 

790 338 

540 1050 360 CH4 
The b o i l o f f  l o s s e s  can be c a l c u l a t e d  by knowing t h e  

heat o f  v a p o r i z a t i o n ,  hv,  of t h e  l i q u i d .  
k! i s  assumed a c o n s t a n t  w i t h  p r e s s u r e  and t e m p e r a t u r e ,  and 
b o i l o f f  p e n a l t i e s  are t h e n :  

For  t h i s  a n a l y s i s ,  

V 

= $ l b s .  These b o i l o f f  l o s s e s  a re :  
I* "B.0. V 

P r o p e l l a n t  B o i l o f f  Losses ,  l b s .  ( 1 0 0  p s i a  v e n t i n g ;  68 p s i a  f o r  LH2) 

TABLE D6 

CH4 - L02 5 2 2 - 
E a r t h  O r b i t  1580 4170 1820 2880 1980 215 
P l a n e t a r y  285 3850 520 2680 565 -0- 

FLOX 

Lunar  3380 5500 3900 3760 4250 620 

A s  can r e a d i l y  be s e e n ,  these b o i l o f f  l o s s e s  are  
l a rge  and t h i s  p r e s e n t s  t h e  p r o s p e c t  of  s u b c o o l i n g  or a c t i v e  
r e f r i g e r a t i o n  t o  r educe  t h e s e  p e n a l t i e s .  Subcool ing  t h e  
p r o p e l l a n t s  a l lows  one t o  take advantage  of  t h e  thermal  capa- 
c i t a n c e  of t h e  b u l k  f l u i d  s i n c e  t h e  heat i n p u t  c a u s e s  t h e  
t e m p e r a t u r e  of t h e  b u l k  t o  r i s e  r a the r  t h a n  t o  v a p o r i z e  pro-  
p e l l a n t s .  The m o u n t  of h e a t  which can be absorbed  due t o  sub- 

p r o p e l l a n t  and AT i s  the  t empera tu re  change. The amount of  heat 
abso rbed  by t h e  p r o p e l l a n t s  t o  ra i se  t h e  bu lk  t e m p e r a t u r e  t o  t h e  
b o i l i n g  p o i n t  a f t e r  subcoo l ing  i s  shown below. The r e s u l t i n g  
vapor  p r e s s u r e s  f o r  t h e  v a r i o u s  m i s s i o n s  t o  be completed wi thou t  
v e n t i n g  are a l s o  shown. It can be s e e n  t h a t  t h e  p l ' ane ta ry  and 
e a r t h  o r b i t a l  mi s s ions  can be accomplished wi thou t  ventang  and 
w i t h  r e l a t i v e l y  low p r e s s u r e s .  The l u n a r  m i s s i o n ,  however, 
r e q u i r e s  v e n t i n g  and t h e  s t o r a g e  t i m e  one can a c h i e v e  wi thou t  
v e n t i n g  v e r s u s  t h e  vapor  p r e s s u r e  are shown. 

cooiirlg is Q,IiIi = AT; ... Lawn 
W 1 1 G L G  c1 is t h e  s p e c f f i c  hea t  n f  the 

P P 
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Vapor P r e s s u r e  f o r  Non-Venting w i t h  Subcool ing  

L02 

LF2 

CH4 

FLOX 

TABLE D7 

CpAT ,BTU/lb E a r t h  O r b i t  P l a n e t a r y  

14.2 55 p s i a  35 
10.4 73 46 

10.8 68 43 

13.5 78 34 

TABLE D8 
Lunar Miss ion  S t o r a g e  T i m e  ( n o  v e n t i n g ) ,  Days 

FLOX 3 LF2 - Maximum Vapor P r e s s u r e  

40 p s i a  464 422 422 
60 551 493 493 
80 614 550 550 
100 653 593 593 

Lunar 

Ven t ing  R e q  d 

11 11 

CH4 

337 
416 
486 
530 

11 11 

From these  r e s u l t s ,  i t  can be seen  t h a t  w i t h  sub- 
c o o l i n g ,  p l a n e t a r y  and e a r t h  o r b i t a l  mi s s ions  can be  accomplished 
w i t h o u t  v e n t i n g .  Lunar s t o r a b i l i t y  t i m e  can be ex tended  t o  about  
1/1/2 t o  2 years  wi thou t  v e n t i n g .  The p r o p e l l a n t  t h a t  would b e  
l o s t  i n  b o i l o f f  f o r  t h e  f u l l  two year  mis s ion  i s  

TABLE D9 
P r o p e l l a n t  B o i l o f f  Losses  w i t h  Subcool ing  

( 2  years on l u n a r  s u r f a c e )  

L02 615 l b s  

FLOX 1,440 
LF2 1,350 

CH4 3 37 
To assess the  b o i l o f f  weight p e n a l t i e s ,  t h e  i n c r e a s e  i n  t a n k  s i z e ,  
s u p p o r t  s t r u c t u r e ,  and meteoro id  s h i e l d i n g  due t o  t h e  i n c r e a s e  i n  
l o a d e d  p r o p e l l a n t  must be de t e rmined .  The t a n k  we igh t s  are pro-  
p o r t i o n a l  t o  t h e  t a n k  volumes and hence 

= 'B.O. 
*'t ankB. o- 'P 'tank 
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where AW = i n c r e a s e d  t a n k  w e i g h t ,  l b s  
tankB. 0.  

= weight  of  b o i l e d  o f f  p r o p e l l a n t ,  l b s  

= weight o f  u s e f u l  p r o p e l l a n t ,  l b s  

= c a l c u l a t e d  t a n k  weight  t o  s t o r e  u s e f u l  

'B.O. 

'P 

p r o p e l l a n t ,  l b s  'tank 

S i n c e  t h e  stage l e n g t h  w i l l  a l s o  be i n c r e a s e d  due t o  l a rge r  t a n k s ,  
t h e  meteoro id  s h i e l d  weight  i s  assumed t o  i n c r e a s e  approx ima te ly  i n  
p r o p o r t i o n  t o  t h e  cube r o o t  o f  t h e  volume change, o r  

ii3 = AVT 
V 'M.S. AWM. S .  

0 

where 

L02 

LH2 

LF2 

LH2 

FLOX 

CH4 

= i n c r e a s e  i n  me teo ro id  s h i e l d  w e i g h t ,  l b s  "M.S. 
3 = i n c r e a s e  i n  t a n k  volume, f t  AvT 

3 = i n i t i a l  t a n k  volume, f t  

= i n i t i a l  meteoro id  s h i e l d  w e i g h t ,  lbs 
vO 

'M.S. 

The boi lof ' f  weight  p e n a l t i e s  are 

TABLE D10 
No Subcoo l inq  Sub c o o l i n g  

"tank "M.S. Awt o t  a1 "tank *'M.S. 

--- 48 93 141 9 

973 654 1,627 876 561 

1,T68 
5 7  72 129 20 --- 
678 549 1,227 625 485 

1,356 
57 113 

21 68 

181 

56 

47 

" t o t a l  

9 

1,437 

1,446 
20 

1,110 

1 , 1 3 0  

19 

11 

30 
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It can  b e  s e e n  t h a t  s u b c o o l i n g  w i l l  s u b s t a n t i a l l y  
r e d u c e  t h e  b o i l o f f  weight  p e n a l t i e s  f o r  t h e  l u n a r  mis s ion .  
Sav ings  amount t o  o v e r  320 pounds f o r  a L02/LH2 s y s t e m ,  230 
pounds f o r  LF2/LH2, and about  150  pounds f o r  FLOX/CH4.  The 
problems a s s o c i a t e d  w i t h  subcoo l ing  would have t o  be  weighed 
a g a i n s t  t h e  s a v i n g  that  can be o b t a i n e d  t o  see i f  indeed  i t  i s  
d e s i r e d .  

It shou ld  b e  r ea l i zed  t h a t  t hese  weight  p e n a l t i e s  
f o r  b o i l o f f  are on ly  t r u e  p e . n a l t i e s  i f  b o i l o f f  o c c u r s .  If 
p o s t  i n j e c t i o n  p l a n e t a r y  a b o r t  i s  n e c e s s a r y ,  t h e  a d d i t i o n a l  
p r o p e l l a n t  n o t  y e t  b o i l e d  o f f  i s  u s a b l e .  The eng ines  must 
be cperated fuel r i c h ,  however, t o  u t i l i z e  these  p r o p e l l a n t s  
s i n c e  much more f u e l  w i l l  b o i l  o f f  t h e n  o x i d i z e r .  The r e s u l t i n g  
decrease i n  s p e c i f i c  impulse w i l l  be more t h a n  o f f s e t  by t h e  
i n c r e a s e  i n  t o t a l  impulse .  

A p r e l i m i n a r y  i n v e s t i g a t i o n  o f  a c t i v e  r e f r i g e r a t o r  
s y s t e m s  i n d i c a t e s  them t o  be f eas ib l e .  Power r equ i r emen t s  a re  
t h e  major  problem area.  The r e q u i r e d  r e f r i g e r a t i o n  i n  watts 
e l e c t r i c a l  power i s  shown i n  T a b l e  D11. From r e f e r e n c e  1 2 ,  
t h e  e f f i c i e n c i e s  of  p r e s e n t l y  a v a i l a b l e  r e f r i g e r a t o r s  as a 
f u n c t i o n  o f  l o a d  and o p e r a t i n g  t e m p e r a t u r e  are  est imated and 
a l s o  shown. For  l i q u i d  hydrogen s y s t e m s ,  t h i s  e f f i c i e n c y  i s  
around 0.4 p e r c e n t ,  w h i l e  i t  i s  abou t  2 .5  p e r c e n t  f o r  a l l  t h e  
o x i d i z e r s  and 4.0 p e r c e n t  f o r  CH4.  The r e q u i r e d  e l e c t r i c a l  
power n e c e s s a r y  t o  o p e r a t e  these  r e f r i g e r a t o r s  c o n t i n u o u s l y  
i s  a l s o  shown i n  T a b l e  D11. For  LO2, LF2,  FLOX, and C H 4 ,  t h e  

r e q u i r e d  power i s  l e s s  t h a n  400 wat t s ,  and cou ld  b e  s u p p l i e d  
f rom t h e  s p a c e c r a f t  power source  which has a peak c a p a c i t y  o f  
f rom 3 t o  5 k i l o w a t t s .  The LH2 t a n k s ,  however, r e q u i r e  from 3 
t o  5 k i l o w a t t s  cont inuous  power and t h i s  i s  e x c e s s i v e .  S i z i n g  
power p l a n t s  based on 600  pounds p e r  k i l o w a t t ,  a t o t a l  re -  
f r i g e r a t o r  s y s t e m  weight  can b e  estimated. Reference  1 2  p r e s e n t s  
data on r e f r i g e r a t o r  and r a d i a t o r  w e i g h t s .  The t o t a l  r e f r i g e r a t o r  
s y s t e m  weights  are s e e n  t o  be arwuiid 5 6 0  pouiids fzlr -29 -2, T U  

and FLOX, abou t  300 pounds f o r  C H 4 ,  and from 2200  t o  3300 pounds 
f o r  LH2. These weights a l low l a rge  s a v i n g s  i n  t o t a l  stage g r o s s  
weight  a t  ear th  l aunch  when compared t o  b o i l o f f  p r o p e l l a n t  and 
t a n k  p e n a l t i e s .  
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A nove l  r e f r i g e r a t i o n  concept  d i s c u s s e d  i n  Reference  
12 i s  t h e  V u i l l e u m i e r  system. T h i s  sys tem u t i l i z e s  hea t  i n s t e a d  
of e l e c t r i c a l  energy  as the  d r i v i n g  f o r c e .  Only a small amount 
of e l e c t r i c  power i s  r e q u i r e d .  I f  a n  i s o t o p e  heat s o u r c e  i s  
a v a i l a b l e ,  t h i s  s y s t e m  may have much merit f o r  t h i s  a p p l i c a t i o n .  
No Vui l l eumie r  machines have y e t  been b u i l t ,  however. 

TABLE D11 

REFRIGERATION SYSTEMS SUMMARY 

CHq FLOX 3 - LH2 2 5 
Heat Load, Maximum 33.4 66.4 30.3 42.5 32.7 14.8 

BTU/hr . 
Watts 9.8 19.4 8.9 12.5 9.6 4.3 

Power E f f i c i e n c y ,  % 2.5 0.4 2.5 0.4 2.5 4.0 
Requi red  Power, kw .39 4.85 -36 3.13 38 .11 
S y s t e m  Weight, l b s  519 3355 496 2223 512 274 

A summary of  t h e  s t o r a b i l i t y  weight  p e n a l t i e s  ( t a n k a g e ,  
a s s o c i a t e d  s t r u c t u r e ,  and r e f r i g e r a t o r  w e i g h t s )  i s  shown below. 
The f o u r  c a s e s  shown are:  

1. A l l  p r o p e l l a n t s  are loaded  a t  l a u n c h  
w i t h  s a t u r a t e d  vapor .  

2. A l l  p r o p e l l a n t s  subcooled  a t  l aunch .  

3. A l l  p r o p e l l a n t s  except  LH2 subcooled  a t  
l aunch ,  LH2 t a n k s  r e f r i g e r a t e d .  

4. A l l  p r o p e l l a n t  t a n k s  re f r igera ted .  

r n n o r v  n i q  
Ir l l JUJi  U I L  

P r o p e l l a n t  S t o r a b i l i t y  Weight P e n a l t i e s ,  l b s .  

L02/LH2 

Case 1 1768 
2 1636 
3 3364 
4 3874 

LP2/LH2 

1356 
1247 
2243 
2719 

FLOX/CH4 

181 
30 
30 
786 
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The l i g h t e s t  s y s t e m  a f t e r  b o i l o f f  r e s u l t s  f rom sub-  
c o o l i n g  a l l  p r o p e l l a n t s .  The l i g h t e s t  s y s t e m s  a t  e a r t h  l a u n c h  
would be t h e  r e f r i g e r a t e d  s y s t e m s .  R e f r i g e r a t e d  stages, however 
have t h i s  large t h e r m a l  weight p e n a l t y  th roughou t  t h e  m i s s i o n  
d u r a t i o n .  

Tank Design P r e s s u r e s  

The maximum t a n k  o p e r a t i n g  p r e s s u r e  and hence t h e  t a n k  
d e s i g n  p r e s s u r e s  are set by t h e  maximum vapor  p r e s s u r e .  With re- 
f r f g e r a t e d  t a n k s ,  t h e  vapor  p r e s s u r e  can b e  h e l d  a t  a minimum. The 
d e s i g n  c o n d i t i o n s  are  such  t h a t  bo th  e a r t h  o r b i t a l  and p l a n e t a r y  
m i s s i o n s  can be completed wi thout  v e n t i n g  or a c t i v e  r e f r i g e r a t i o n .  
The LH t a n k  w i l l  b e  des igned  f o r  68 ps ia  s i n c e  t h i s  i s  t h e  vapor  
p r e s s u r e  t h a t  w i l l  r e s u l t  when t h e  l i q u i d  has  expanded t o  a lmost  
comple t e ly  f i l l  t h e  u l l a g e  volume. For  t h e  o t h e r  p r o p e l l a n t s ,  t h e  
d e s i g n  p r e s s u r e  i s :  

2 

- + NPSP) x S.F. ' tdes  - ('0 + "Heat 

where 
= I n i t i a l  t ank  p r e s s u r e  = 15 p s i a  

= P r e s s u r e  r i s e  due t o  h e a t  i n p u t ,  p s i a  "Heat I 
NPSP = N e t  p o s i t i v e  s u c t i o n  p r e s s u r e  r e q u i r e d  by 

eng ine  turbopumps = 5 p s i a  

S.F. = S t r e s s  s a fe ty  f a c t o r  = 1 . 5  I 
TABLE D 1 3  

Tank Design P r e s s u r e s ,  p s i a  

NPSP P3 - "Heat -- 
T,H - 15.0 50.0 5 . 0  7 0 . 0  

15.0 40.0 5 . 0  6 0 . 0  

15 .0  58.0 5 . 0  78.0 

---2 

L02 

LF2 
FLOX 1 5 . 0  50.0 5 . 0  70.0 

15 .0  63 .0  5 . 0  83 .0  

C0mp.A 1 5 . 0  -0- 5 . 0  20.0 
CH4 

MHF-5 15 .0  -0- 5.0 20.0 

'Des 

105.0 

9 0 . 0  

1 1 7 . 0  

1 0 5 . 0  

124 .0  

30 .0  

30.0 
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No a t t e m p t  was made a t  t h i s  t i m e  t o  go i n t o  d e t a i l e d  
s t r u c t u r a l  o r  subsys tem d e s i g n s .  The w e i g h t s  of most o f  t h e  
items shown i n  Table  E l  were e s t i m a t e d  by p r o - r a t i n g  from o t h e r  
p r o p u l s i o n  stage d e s i g n s ,  r e f e r e n c e s  1, 2 ,  and 8.  The p r e s s u r -  
i z a t i o n  s y s t e m  we igh t s  were c a l c u l a t e d  u s i n g  a Tr idyne*  s y s t e m  
f o r  LO2, LH2, and C H 4 ,  and us ing  h e a t e d  he l ium f o r  t h e  o t h e r  
p r o p e l l a n t s .  The eng ine  weight was estimated by assuming a 
c o n s e r v a t i v e  t h r u s t  t o  weight r a t i o  of 75 f o r  a t h r u s t  l e v e l  o f  
30,000 pnunds. T h i s  i s  f o r  a s i n g l e  engifie s tage design. The 
e f f e c t  of m u l t i p l e  eng ine  d e s i g n s  i s  shown- in  Appendix F. 

TABLE E l  

S t r u c t u r a l  and Subsystem Weights ,  L b s  

L02/LH2 LF2/LH2 FLOX/CH4 Compound A/MHF-5 

Tank Suppor t s  1 4  lbs 1 3  1 5  
Suppor t  

T r u s s e s  2 5  22 2 5  

18 

28 

F i t t i n g s  11 11 11 11 

Prop e 11 a n t  
O r i e n t a t i o n  22 22 22 

T h r u s t  
S t r u c t u r e  270 242 265 

22 

30 0 

F a i r i n g s  45 45 45 45 

Base Heat 
P r o t e c t i o n  45 45 45 45 

Engine 400 400 400 400 

Feed, F i l l ,  & 
Dra in  Systems 120 111 130 

P r e s s u r i z a t i o n  
System 180 9 8  47 

* See n e x t  page 

1 6 7  

1 7 0  
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RCS 

Engine 
G i m b l e  

I n s t r u m e n t a t i o n  
& Equipment 

100 100 

40 40  

500 500 

1772 1 6 4 9  

FLO X/CH ,, Compound A/MHF-5 

1 0 0  

42 

100 

40 

500 

1 6 4 5  

*Tr idyne  i s  a p r e s s u r i z a t i o n  s y s t e m  developed  a t  Rocketdyne 
which u s e s  a small amount of c a t a l y t i c a l l y  i g n i t e d  02/H2 as 
a s o u r c e  for h e a t i n g  he l ium,  t he  main p r e s s u r a n t  gas .  

500 

1 8 4 6  
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STAGE CONFIGURATION 

PM-I1 stage c o n f i g u r a t i o n s  employing one ,  two, and 
t h r e e  e . g i n e s  are shown i n  F i g u r e s  2 ,  3 ,  and 4 .  The s i n g l e  
e n g i n e  c o n f i g u r a t i o n  i s  t h e  s i m p l e s t ,  s h o r t e s t ,  and l i g h t e s t  
d e s i g n ,  bu t  p r o v i d e s  no engine-out  c a p a b i l i t y .  It i s  a l s o  
r e l a t i v e l y  i n e f f i c i e n t  i n  t h e  u s e  o f  t h e  a v a i l a b l e  volume. It  
would use  a t o r u s  o x i d i z e r  t ank  w i t h  a c i r c u l a r  c r o s s - s e c t i o n  
and a n  e l l i p s o i d a l  f u e l  t a n k  f o r  minimum stage l e n g t h .  

The two e n g i n e  d e s i g n  a l l o w s  much more e f f i c i e n t  u s e  
o f  t h e  a v a i l a b l e  space  and r e s u l t s  i n  a s tage l e n g t h  abou t  2 . 5  
t o  4 . 0  f e e t  s h o r t e r  t h a n  e i t h e r  t h e  one o r  t h r e e  eng ine  d e s i g n s .  
T h i s  i s  p o s s i b l e  i f  e l l i p s o i d  c r o s s - s e c t i o n a l  t o r u s  o x i d i z e r  
t a n k s  are  used t o  e n c l o s e  a c y l i n d r i c a l  f u e l  t a n k  w i t h  e l l i p s o i d a l  
domes. The two eng ine  d e s i g n  p r o v i d e s  some engine-out  c a p a b i l i t y  
b u t  a n  ; r s s o c i a t e d  d i f f i c u l t  c o n t r o l  problem s i n c e  t h e  r e s u l t a n t  
t h r u s t  v e c t o r  would be g r e a t l y  misa l igned  from t h e  c e n t e r  o f  
g r a v i t y .  

The t h r e e  eng ine  c o n f i g u r a t i o n  p r o v i d e s  eng ine  ou t  
c a p a b i l i t y .  If t h e  e n g i n e s  a r e  i n s t a l l e d  i n  l i n e ,  t h e  c e n t e r  
e n g i n e  cou ld  f a i l  and t h e  o u t e r  e n g i n e s  s t i l l  a d e q u a t e l y  com- 
p l e t e  t h e  m i s s i o n s .  T h i s ,  of c o u r s e ,  n e c e s s i t a t e s  s i z i n g  t h e  
c e n t e r  eng ine  t o  complete  a l l  m i s s i o n s .  The same must b e  t r u e  
o f  t h e  two ou tboa rd  e n g i n e s  combined. Fo r  economy, a l l  eng ines  
s h o u l d  be  i d e n t i c a l .  Once a g a i n ,  r e l a t i v e l y  i n e f f i c i e n t  use  i s  
made o f  t h e  a v a i l a b l e  volume. T h i s  stage would be t h e  l o n g e s t  
and h e a v i e s t  o f  t h e  t h r e e  bu t  p r o v i d e  t h e  most v e r s a t i l i t y  and 
r e l i a b i l i t y .  T h i s  stage would b e  about  1 . 5  f e e t  l o n g e r  thar; t he  
s i n g l e  eng ine  s t a g e .  
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The e n g i n e  performance and weights  were based on 
t h e  estimates o f  t h e  major  p r o p u l s i o n  c o n t r a c t o r s  and are 24  
c o n s i s t a n t  w i t h  t h o s e  used  i n  c u r r e n t  c o n t r a c t u r a l  s t u d i e s  . 
The s p e c i f i c  impulse  o f  t he  e n g i n e s  a re  s l i g h t l y  c o n s e r v a t i v e  
s i n c e  460 seconds  has a l r e a d y  been demons t r a t ed  f o r  L02/LH2, 

b e t t e r  t h a n  400 seconds  i s - e s t i m a t e d  f o c  F L O X / C H 4 ,  b e t t e r  t h a n  
470 f o r  LF2/LH2, and around 350 t o  360 f o r  Compound A/MHF-5. 
It  was i n t e n d e d ,  when p o s s i b l e ,  t o  keep t h e  s t u d y  c o n s e r v a t i v e .  

Engine t h r u s t  t o  weight r a t i o s  es t imated by P r a t t  
and Whitney A i r c r a f t  show 4 6  f o r  a n  8000 pound t h r u s t  eng ine  
and 65 f o r  a 15,000 pound t h r u s t  e n g i n e .  The e n g i n e  t h r u s t  
l e v e l  must b e  l a rge  enough t o  s a t i s f y  t h e  t h r u s t  t o  weight  
r equ i r emen t  f o r  l u n a r  a s c e n t  and r e t u r n  (minimum F/W ? 0 . 2 )  
and  must be  large enough such  t h a t  t h e  e n g i n e  r u n  t i m e  does  
n o t  exceed approx ima te ly  5 minutes  f o r  p l a n e t a r y  a b o r t .  

The ~ O S S  w e i g h t  a t  l i f t  o f f  from t h e  l u n a r  s u r f a c e  
w i l l  be  abou t  t 0,000 pounds.  The minimum t h r u s t  l e v e l  w i l l  

t h e r e f o r e  be  8000 pounds.  The e n g i n e  bu rn  t i m e  i s  tb = 'P = 'PIS - 
F 

W 

The bu rn  t i n e  f o r  t h e  c a n d i d a t e  p r o p e l l a n t s  a t  v a r i o u s  t h r u s t  
l e v e l s  i s :  

TABLE G1 
Engine Burn T i m e ,  m inu te s  

LF,/LH2 L02/LH2 FLOX/CH4 Compound A/MHF-5 

F = 8000 l b s  17 .9  19 .5  
1 0 , 0 0 0  1 4 . 3  15.6 
15,000 9 .5  1 0 . 4  
20 ,000  7.2 7.8 
30,000 4.8 5.2 
50,000 2.9 3 . 1  

1 8 . 3  
1 4 . 7  

9 . 8  
7 .3  
4.9 
2 .9  

1 9 . 8  
15 .8  
1 0 . 5  

7.9 
5 . 3  
3 .2  

From these  r e s u l t s ,  i t  can  be s e e n  t h a t  t h e  s i n g l e  
e n g i n e  d e s i g n  shou ld  have a t h r u s t  o f  about  30,000 pounds.  
ma jo r  penr i l ty  of a h igher  t h r u s t  e n g i n e  would be more weight .  

The 
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The two e n g i n e  d e s i g n  would r e q u i r e  t h r u s t  l e v e l s  o f  1 5 , 0 0 0  
pounds e a c h .  The t h r e e  e n g i n e  c o n f i g u r a t i o n  would r e q u i r e  
a t h r u s t  o f  1 0 , 0 0 0  pounds .  Using Prat t  and Whitney weights 
and  assuming e n g i n e  weights  are i n d e p e n d a n t  o f  p r o p e l l a n t s ,  
t he  r e s u l t i n g  e n g i n e  w e i g h t s  f o r  t h e  s t a g e  c o n f i g u r a t i o n s  a r e :  

TABLE G2 

Engine  Weights ,  l b s .  

Thrus t /Eng ine  Weight /Engine T o t a l  Engine  Weight 

One Engine  3 0 , 0 0 0  l b s  400 l b s  
Two Eng ines  15 ,000  2 3 0  
Three Engines  iG,OOO L V U  

qnn 

400 l b s  
460 
hnn 
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Appendix H - L i f e  Suppor t  and Environmental  C o n t r o l  Stage Add i t ion  

The Apollo and AAP ear th  e n t r y  modules a re  c a p a b l e  o f  
s u s t a i n i n g  l i f e  independen t ly  f o r  l e s s  t h a n  2 4  h o u r s .  For  some 
o f  t h e  contempla ted  m i s s i o n s  w i t h  P M - I I ' s ,  a l i f e t i m e  o f  up t o  
1 0  days  may be r e q u i r e d  o f  t h e  EEM f o r  a f o u r  man crew. A small 
stage a d d i t i o n  can  b e  a t t a c h e d  t o  t h e  EEM t o  p r o v i d e  t h e  
n e c e s s a r y  f u n c t i o n s  t o  ex tend  t h e  EEM l i f e  t i m e .  From Reference  
1 7 ,  e s t i m a t i o n s  were made of t h e  r e q u i r e d  s e r v i c e s ,  t h e i r  w e i g h t s ,  
and t h e  volume r e q u i r e d  t o  package them. These e s t i m a t i o n s  a r e  
shown below: 

TABLE H1 

EPS 
F l u i d  S t o r a g e  
EC/LSS 
C r e w  P r o v i s i o n s  
Food 
Water 
High-pressure  O2 

Cryogenic O2 

Hydrogen 
P e r s o n a l  Hygiene/Waste 

Meteoroid S h i e l d i n g  
Management 

and S t r u c t u r e  

250 lbs 
250 lbs 
265 l b s  

45 l b s  
7 4  l b s  
55 I b s  
50 l b s  

550 l b s  

6 1  l b s  

36 l b s  

87 l b s  

1723 l b s  

TABLE H 2  
Volume Requirements 

Hydrogen 55 f t 3  
Oxygen 35 f t3  
EPS A 14 ,,3 
A l l  Other  Equipment 20 f t 3  

z-2 
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Appendix I - P r o p e l l a n t  P h y s i c a l  P r o p e r t i e s  

Some of t h e  impor t an t  p h y s i c a l  p r o p e r t i e s  of  t h e  
p r o p e l l a n t s  c o n s i d e r e d  are  shown below: 

- LH2 

D e n s i t y ,  NBP, l b / f t 3  4.4 

R n i l i n g  P o i n t ,  O R  

F r e e z i n g  P o i n t ,  O R  

Heat of Vaporiz-  
ation,BTU/lb 

Heat of  Fus ion ,  
BTU/lb 

S p e c i f i c  Heat, 
BTU l b  O R  

'77 
J I  

25 

195.3 

25.2 

3.39 

TABLE I1 

- L02 

71 .3  
1 6 2  -"a 

98 

91.6 

5.9 

,218 

- LF2 

94.4 
1 E;1 
- A d  

95 

71.5 

5.8 

.180 

FLOX CH4 

9 0 . 0  

1 F;4 

95 

.+A 

74.8 

5.8 

.I84 

26.5 
3ni  

164 

&"A 

219.8 

26.1 

.528 

Comp A MHF-5 

115.0 59.2- 

468 667 

300 389 

. i 6  .8 

.66 


